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Single-cell analysis of early antiviral gene
expression reveals a determinant of stochastic
IFNB1 expression†
Sultan Dog˘anay,ab Maurice Youzong Lee,‡b Alina Baum,cde Jessie Peh,f
Sun-Young Hwang,g Joo-Yeon Yoo,g Paul J. Hergenrother,f
Adolfo Garcı´a-Sastre, chi Sua Myong§j and Taekjip Ha§*abk
RIG-I-like receptors (RLRs) are cytoplasmic sensors of viral RNA that trigger the signaling cascade that
leads to type I interferon (IFN) production. Transcriptional induction of RLRs by IFN is believed to play
the role of positive feedback to further amplify viral sensing. We found that RLRs and several other
IFN-stimulated genes (ISGs) are induced early in viral infection independent of IFN. Expression of these
early ISGs requires IRF3/IRF7 and is highly correlated amongst them. Simultaneous detection of mRNA
of IFNB1, viral replicase, and ISGs revealed distinct populations of IFNB1 expressing and non-expressing
cells which are highly correlated with the levels of early ISGs but are uncorrelated with IFN-dependent
ISGs and viral gene expression. Individual expression of RLRs made IFNB1 expression more robust and
earlier, suggesting a causal relation between levels of RLR and induction of IFN.
Insight, innovation, integration
Our work is an application of the powerful single-molecule FISH (fluorescence in situ hybridization) technology into innate immunity and antiviral signaling.
Single-molecule FISH enabled us to quantify multiple genes at the single cell level and with the ultimate resolution of single transcripts. Key discovery is that
viral RNA sensors, RIG-I and MDA5 are expressed early in viral infection independent of Interferon. This is a surprising finding because RIG-I and MDA5 were
believed to be up-regulated only after Interferon production to amplify viral sensing. We would not have been able to discover early expression of these genes
without the single cell and single molecule resolution. This finding revealed a determinant for the long-recognized cellular stochasticity in Interferon
production.
Introduction
RIG-I-like receptors (RLRs) RIG-I, MDA5, and LGP2 constitute a
family of cytoplasmic sensors of viral RNA with indispensable
roles in innate immunity.1–5 Knockout mice that lack RIG-I or
MDA5 are highly susceptible to infection by the respective RNA
viruses that these sensors recognize.3 Knockdown of RIG-I expres-
sion in fibroblasts, epithelial cells, conventional dendritic cells
and macrophages resulted in failure to activate type I IFN upon
infection with various RNA viruses, highlighting the indispensable
a Center for Computational Biology and Biophysics, University of Illinois Urbana-Champaign, Urbana, IL 61801, USA
b Department of Physics, and Center for Physics of Living Cells, University of Illinois Urbana-Champaign, Urbana, IL 61801, USA
c Department of Microbiology, Icahn School of Medicine at Mount Sinai, New York, NY 10029, USA
d Graduate School of Biomedical Sciences, New York, NY 10029, USA
e Regeneron Pharmaceuticals, 777 Old Saw Mill River Rd, Tarrytown, NY 10591, USA
f Department of Chemistry, University of Illinois Urbana-Champaign, Urbana, IL 61801, USA
g Department of Life Sciences, Pohang University of Science and Technology, Pohang, 790-784, Korea
h Department of Medicine, Division of Infectious Diseases, Icahn School of Medicine at Mount Sinai, New York, NY 10029, USA
i Global Health and Emerging Pathogens Institute, Icahn School of Medicine at Mount Sinai, New York, NY 10029, USA
j Bioengineering Department, University of Illinois Urbana-Champaign, Urbana, IL 61801, USA
k Howard Hughes Medical Institute, Baltimore, MD 21205, USA
† Electronic supplementary information (ESI) available. See DOI: 10.1039/c7ib00146k
‡ Present address: Biophysics Program, Stanford University, CA 94305, USA.
§ Present address: Department of Biophysics and Biophysical Chemistry, Johns Hopkins University, Baltimore, Maryland, USA. E-mail: tjha@jhu.edu
Received 24th August 2017,
Accepted 19th October 2017
DOI: 10.1039/c7ib00146k
rsc.li/integrative-biology
Integrative Biology
PAPER
D
ow
nloaded from
 https://academ
ic.oup.com
/ib/article-abstract/9/11/857/5115316 by Tech and Science Lib - Bin 231 user on 13 June 2019
858 | Integr. Biol., 2017, 9, 857--867 This journal is©The Royal Society of Chemistry 2017
antiviral role of RLRs in a broad range of cell types.4 Type I
IFN is known to increase transcription of hundreds of IFN-
stimulated genes (ISGs), including RLRs, that can effectively
combat the infection. A screening of more than 380 human ISGs
for their ability to inhibit the replication of several clinically
important human and animal viruses showed that RIG-I and
MDA5 are among the top five in their antiviral activities against a
broad range of viruses.6
After viral RNA recognition, RIG-I and MDA5 interact with the
mitochondrial antiviral signaling protein (MAVS), and through a
series of signaling cascades, activate transcription of type I IFN
which includes IFNB1 and IFNA subtypes.7–10 Type I IFN binds
to the IFNa/b receptor (IFNAR) on the cell membrane, and
activates transcription of ISGs through the JAK-STAT pathway,
resulting in an antiviral state that controls infection.11–13 Some
ISGs such as Viperin, IFIT1 and OASL are not only IFN-inducible,
but also induced directly by viral infection in the absence of
IFN.14–16
Induction of RLRs by IFN is believed to play the role of
positive feedback to further amplify viral sensing; however,
their expression kinetics during viral infection, and in parti-
cular with respect to type I IFN production, has not been
systematically analyzed, especially at the early stages of infec-
tion, where highly sensitive methods are needed to capture the
small changes in gene expression. The majority of the earlier
works are based on bulk measurements, where results are
ensemble-averaged over a large number of cells, which may hide
changes in gene expression, if these changes originated from a
small fraction of the cells.
In fact, it is well recognized that there is significant cell-to-
cell heterogeneity in IFNB1 expression such that only a fraction
of cells produces IFN-b upon viral infection.17–24 Several factors
have been suggested to contribute to this heterogeneity includ-
ing infecting virus quasispecies, complexities of multiple
transcription factor binding to the IFNB1 promoter, cellular
heterogeneity in the host gene expression levels and paracrine
signaling.19,22–26 For example, components of the RIG-I signal-
ing pathway, such as RIG-I, MDA5 and TRIM25 are expressed at
higher levels in the IFN-b expressing cells,22 and the fraction of
IFN-b producing cells increased when RIG-I signaling pathway
components such as RIG-I, TRIM25, NF-kB, IRF3 and IRF7 were
overexpressed in cells prior to viral infection.19,22 Shalek et al.
have shown that cellular variation is controlled in a paracrine
manner in dendritic cells,26 while Rand et al. and Patil et al.
have shown in fibroblasts and dendritic cells that heterogeneity
in IFNB1 expression is predominantly cell-intrinsic at early time
points post infection, which is then propagated by a paracrine
response.23,24
As RLRs are major players in viral recognition and sub-
sequent IFN induction, and have been implicated in the hetero-
geneous expression of IFNB1, single-cell measurements with
high precision and sensitivity are needed to more accurately
understand their expression kinetics and functional con-
sequences in antiviral signaling. We studied host and viral mRNA
expression in single cells using single-molecule fluorescence
in situ hybridization (smFISH).27,28 The single cell approach
with the ultimate resolution of single transcripts enabled the
discovery of a virus-induced, IFN-independent up-regulation of
RIG-I that is hidden in ensemble analysis. This IFN-independent
mechanism operates as early as 3 hours post infection, requires
the IRF3/IRF7 pathway, and induces not only RIG-I but also
several other ISGs, that we will refer to as ‘‘early ISGs’’, prior to
IFN production.
Multi-color smFISH analysis revealed that the mRNA levels
of early ISGs are highly correlated with the large cell-to-cell
heterogeneity in IFNB1 expression, in contrast to the viral gene
and IFN-dependent ISG levels that are uncorrelated with IFNB1
expression. Overexpression of RIG-I and MDA5 made IFNB1
expression more robust and earlier, indicating that early expres-
sion of RIG-I andMDA5 in a subset of infected cells may contribute
to the decision making process for turning on the paracrine IFN-
dependent innate immune response.
Results
Quantification of antiviral gene expression with single-cell
resolution
We performed smFISH experiments on fixed cells,27 where each
mRNA is decorated with 38 to 48 diﬀerent sequences of fluores-
cently labeled probes, each 20 bases long (Fig. 1A). The large
number of fluorophores bound to a single mRNA yielded a
diﬀraction-limited fluorescent spot clearly above the background.
smFISH assay also revealed the active transcription sites in the
Fig. 1 Quantification of IFN induced gene expression in single HepG2
cells. (A) The schematics of single-molecule fluorescence in situ hybridi-
zation (smFISH) and simultaneous imaging of RIG-I, MXA, and MDA5
mRNA in individual HepG2 cells treated with IFN-b for 6 hours. (B) Images
of RIG-I and housekeeping gene ALAS mRNA in control and IFN-b treated
(6 hours) HepG2 cells. (C) Kinetics of RIG-I mRNA expression post IFN-b
treatment. Transcript numbers (mean SD) are obtained from 10 to 20 cells
at each time point.
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nucleus as brighter fluorescent spots where nascent mRNA
molecules accumulate. For simultaneous quantification of up
to three diﬀerent genes in single cells, we labeled the probes
with spectrally distinguishable fluorophores (Cy3, Alexa Fluor
594 and Cy5) (Fig. 1A), and counted the fluorescent spots from
the 3D images of cells.27
We first examined IFN-induced RIG-I expression. We treated
previously described clonal HepG2 cells29 with IFN-b and
imaged RIG-I and housekeeping gene ALAS30 mRNA at various
time points. Unstimulated cells displayed basal level of RIG-I
mRNA, 27 transcripts per cell on average. IFN-b treatment
changed RIG-I mRNA counts in a time-dependent manner with
the average number increasing with time but the mean inten-
sity of individual spots remaining constant (Fig. 1A–C and
Fig. S1, ESI†), supporting the detection of individual transcripts.
The cytoplasmic RIG-I mRNA counts displayed a steep increase
until 6 hours followed by a plateau with an average of 4200
transcripts per cell (Fig. 1C). In contrast, ALAS mRNA counts
stayed relatively unchanged.
RIG-I is directly induced at the early stages of viral infection,
independent of IFN
To examine the virus-induced expression of RIG-I and IFNB1,
we infected clonal HepG2 cells with Sendai virus (SeV), fixed the
cells at various time points post infection, and imaged RIG-I
and IFNB1 mRNAs. The earliest time point at which we could
detect IFNB1 transcripts was 9 hours post infection (hpi)
(Fig. 2A and B). Consistently, IFN-b in the culture medium
was detected with ELISA from 9 hpi onwards (Fig. 2C). On the
other hand, bright RIG-I transcription sites were visible in the
nuclei of a small fraction of the cells as early as 3 hpi, several
hours prior to IFNB1 induction (Fig. 2A and Fig. S2, ESI†).
Fig. 2 RIG-I is induced IFN-independently at the early stages of Sendai virus infection. (A) Images of RIG-I and IFNB1 mRNA in HepG2 cells at 3 and
9 hours post SeV infection. (B) Percentage (mean  SD) of HepG2 cells overexpressing RIG-I and IFNB1 mRNA as a function of time post SeV infection.
600 to 1000 cells were analyzed at each time point. (C) ELISA to detect IFN-b (mean  SD) in the culture medium at diﬀerent time points after SeV
infection. Data are obtained from three independent experiments. (D) Number of RIG-I, IFNB1 and ALAS transcripts per cell (mean  SD) in SeV infected
(3 and 6 hours) HepG2 cells. Transcript numbers are obtained from 50 cells that overexpress RIG-I at each time point. (E) Images of RIG-I andMXAmRNA
in control, IFN-b treated (12 hours) or SeV infected (18 hours) Vero cells. Cell borders are denoted by dashed outlines. (F) Number of RIG-I and MXA
mRNA per cell (mean  SD) in control, IFN-b treated (12 hours) or SeV infected (6 and 18 hours) Vero cells. 20 cells are analyzed under each condition.
(G) qRT-PCR analysis of RIG-I andMXAmRNA in IFN-b treated (2 hours) or SeV infected (9 hours) HepG2 cells in the presence or absence of neutralizing
antibodies against IFN-a, IFN-b, IFN-l, and IFNAR. Results are normalized to GAPDH, and presented as fold change relative to control cells. Error bars
show standard deviation of two independent experiments.
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These cells contained 58 cytoplasmic RIG-I mRNA on average,
which is about twice as many as basal level of 27 transcripts
(Fig. 2D and Table 1). Percentage of cells expressing RIG-I
mRNA over basal levels reached 32% by 6 hpi with an average
of 145 transcripts per cell (Fig. 2B and D), and further rose to
80% at 9 hpi. Thus, our results show that RIG-I is directly
induced at the early stages of viral infection in the absence of
detectable IFNB1.
To confirm that virus-induced early expression of RIG-I is
indeed independent of IFN, first, we employed Vero cells that
cannot produce any type of IFN due to genetic defects, but do
have IFNAR and an intact JAK-STAT pathway, and therefore
produce ISGs in response to IFN-b stimulation.31 As expected,
upon IFN-b treatment, Vero cells showed a large increase in
RIG-I transcription, from less than 5 to B120 transcripts per
cell. Upon infection with SeV, we did not detect any IFNB1
mRNA at any time point while the number of RIG-I transcripts
gradually increased up to B50 transcripts per cell, supporting
our conclusion that RIG-I is induced during viral infection
independent of IFN. To exclude the possibility that a trace
amount of IFNB1 in the virus stock may give rise to RIG-I
induction, we also imagedMXAmRNA, which is strictly induced
by IFN.32 MXA transcript counts remained negligible during
infection while externally added IFNB1 did induce MXA up to
B240 transcripts per cell (Fig. 2E and F).
In another experiment, we used quantitative RT-PCR (qRT-
PCR) to determine how RIG-I induction is modulated by the
neutralizing antibodies against IFN-a, IFN-b, IFN-l, and IFNAR.
In the absence of neutralizing antibodies, RIG-I and MXA were
induced 9- and 35-fold respectively upon treating the cells with
IFN-b (Fig. 2G). The addition of the neutralizing antibodies
during IFN-b treatment suppressed RIG-I and MXA induction,
showing their eﬃcacy (Fig. 2G). At 9 hours post SeV infection,
RIG-I and MXA were induced 21- and 14-fold respectively in
the absence of neutralizing antibodies. Addition of neutralizing
antibodies during infection eﬀectively suppressed MXA but
did not aﬀect RIG-I levels (Fig. 2G). These results further
support that RIG-I is mainly regulated by an IFN-independent
pathway at the early stages of viral infection, and even at 9 hpi
much of RIG-I expression occurs independent of the IFN
signaling pathway.
IFN-independent expression of early ISGs is strongly correlated
amongst them and is dependent on IRF3/IRF7
Upon further examination using smFISH, expression kinetics of
a small subset of ISGs revealed diﬀerential regulation of ISGs in
response to viral infection. Antiviral genes RIG-I, MDA5, LGP2,
as well as IFIT1 and OASL, already known to be induced IFN-
independently, were directly induced by SeV infection as early
as 3 hpi, observed as bright transcription sites in the nucleus
and higher cytoplasmicmRNA copy numbers compared to control
cells (Table 1). In contrast, IRF7, NLRX1, MXA, PKR, and TRIM25
did not display elevated levels of mRNA at early times post
infection, even though they all are induced upon IFN-b treatment
(Fig. 3A, B and Table 1).13–15
Two-color smFISH analysis of single cells revealed that SeV-
induced expressions of early ISGs are highly correlated with
each other. Pairwise analyses of RIG-I vs. MDA5,MDA5 vs. LGP2,
RIG-I vs. OASL and RIG-I vs. IFIT1 showed that if a cell activates
transcription of one of these genes, the other paired gene
is also activated (Fig. 3A and B). For example, at 3 hpi, 92%
of cells showed no induction of either RIG-I or OASL, 8% of cells
showed both, and none showed only RIG-I or only OASL.
We obtained high Pearson’s correlation coeﬃcients for the
mRNA counts for early ISGs in individual cells, for instance
0.8 between RIG-I and IFIT1, and 0.68 between LGP2 and MDA5
at 9 hpi (Fig. 3C).
Next, we used a Nanostring nCounter system33 and tested a
panel of 49 innate immunity genes for their early expression
during infection, as well as to compare an ensemble assay to
our single cell assay. nCounter data obtained from an ensemble
of cells confirmed that first considerable IFNB1 expression
happens at 9 hpi (Table 2). At 6 hours post SeV infection, we
identified 8 out of the 49 genes that are up-regulated (more
than 2-fold increase with respect to the uninfected cells) in the
absence of IFNB1: DDx60, ISG15, IFIT1, LGP2, MDA5, OASL,
RIG-I, and Viperin (Table 2). Several other genes that strongly
responded to IFN-b treatment, such as IFITM3, MXA, Myd88,
OAS1, PKR, and TRIM25 were not induced (less than 1.5-fold
increase with respect to the uninfected cells) at 6 hpi (Table 2
and Table S1, ESI†).
Up-regulation was also detected at 3 hpi for some of the early
ISGs, such as DDX60, IFIT1, OASL and Viperin. A common
property of these genes is that their basal level expression is
very low, therefore when induced, they produce very high fold
increase with respect to the uninfected cells. On the other
hand, induction of ISG15, LGP2, MDA5 and RIG-I was not
detectable at 3 hpi, because their basal expression levels were
higher, therefore, induction in a small fraction of the cells did
not produce a significant fold change when ensemble aver-
aged (Tables 1 and 2). On the other hand, smFISH data show
simultaneous induction of RIG-I, MDA5 and LGP2 with bright
transcription sites and at least 2-fold increase in the number
of cytoplasmic transcripts (Table 1 and Fig. 3A), in the same
cells that activated transcription of IFIT1 or OASL at 3 hpi,
Table 1 Number of transcripts (mean  SD) detected by smFISH in
control, IFN-b treated (12 hours), and SeV infected (3 hours) HepG2 cells.
Over-expressing cells were chosen to determine average transcript numbers
at 3 hpi for genes in the dark grey rows. Cells were chosen randomly to
determine the rest of the data. Data obtained from at least 20 cells for each
condition and gene. Dark gray rows denote early ISGs
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without exception. Overall, this comparison highlights the
power of the single cell approach with single molecule sensi-
tivity to reveal gene expression patterns hidden in ensemble
analysis.
In addition to their role in induction of IFNB1, transcription
factors IRF3 and IRF7 have been shown to directly induce
expression of some antiviral genes.16,34 To test their roles in
expression of the early ISGs, we immunofluorescently labeled
IRF3 in SeV-infected cells, and analyzed the time-course of its
nuclear translocation, which is required for its transcriptional
activation role. We observed nuclear localization of IRF3 in 6%,
25% and 64% of the cells at 3, 6 and 9 hpi respectively, which is
similar to that of RIG-I induction (Fig. 2B and 3D, E). Further,
we used siRNA to knockdown IRF3 and/or IRF7. Following
knockdown, we infected HepG2 cells for 9 hours with SeV,
and performed qRT-PCR to measure the level of RIG-I mRNA.
We found that SeV-induced expression of RIG-I is significantly
reduced when both IRF3 and IRF7 are knocked down (Fig. 3F).
These results together indicate that expression of early ISGs is
dependent on IRF3 or IRF7.
Fig. 3 Virus-induced IFN-independent expression of early ISGs is strongly correlated and is dependent on IRF3/IRF7. (A) Pairwise images of RIG-I and
OASL, RIG-I andMDA5, LGP2 andMDA5, and RIG-I and IFIT1 transcripts in SeV infected HepG2 cells. Scale bar: 50 mm. (B) Percentage of cells expressing
RIG-I and/or OASL, RIG-I and/or MDA5, MDA5 and/or LGP2, and RIG-I and/or IFIT1 at indicated times post SeV infection. 200–300 cells were analyzed
for each case. (C) Scatter plots of number of MDA5 vs. LGP2, and RIG-I vs. IFIT1 transcripts in single HepG2 cells at 9 hours post SeV infection. N: number
of cells analyzed, r: Pearson’s correlation coefficient. (D) Images of immunofluorescently labeled IRF3 at various time points post SeV infection. Scale bar:
50 mm (E) Percentage of cells (mean  SD) displaying nuclear IRF3 as a function of time post SeV infection. 450 to 600 cells were analyzed at each time
point. (F) qRT-PCR analysis of RIG-ImRNA in SeV infected (9 hours) HepG2 cells with prior siRNA knockdown (30 hours) of mock (HPRT1), IRF3, IRF7 and
double knockdown of IRF3 and IRF7. Results are normalized to GAPDH, and presented as fold change relative to control cells. Error bars show standard
deviation of two independent experiments.
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Expression of early ISGs may contribute to the decision making
process of IFNB1 induction
smFISH analysis of IFNB1 transcripts in single cells confirmed
the heterogeneous nature of IFNB1 expression among the cell
population, which would otherwise be obscured in ensemble
measurements. At any given time from 9 hpi onwards, we
observed only a fraction of cells, typically less than 25%, expres-
sing IFNB1 as opposed to more than 70% showing RIG-I induc-
tion (Fig. 2A and B).
Several factors may shape the decision making process of
IFNB1 induction, one of which is the variation in the extent of
viral replication.20,25 We therefore performed smFISH analysis
on SeV L gene mRNA which codes for the viral replicase to
quantify viral replication. SeV-infected cells displayed viral
mRNA while control cells did not show any signal above the
background (Fig. 4A). At 9 hpi, we observed a high degree of
cell-to-cell variation in L gene transcript counts, ranging from a
few to several hundred regardless of whether IFNB1 is expressed
or not (Fig. 4B and Fig. S3, ESI†) and determined a low Pearson’s
correlation coeﬃcient of only 0.26 between L gene and IFNB1
mRNA counts (Fig. 4B), showing that the amount of viral load is
not a significant determinant of bimodal IFNB1 expression in
single cells.
In contrast to the L gene mRNA which was largely uncorre-
lated with IFNB1 induction, we observed that every cell that
expressed IFNB1 also expressed RIG-I, as well as other early ISGs,
including MDA5, LGP2, and IFIT1, over basal levels, and cells
expressing higher amounts of early ISGs are more likely to be
expressing IFNB1 with high Pearson’s correlation coeﬃcients
(Fig. 4B and Fig. S4, ESI†). On the other hand, ISGs that require
IFN activity for induction such as TRIM25 and NLRX1 did not
correlate with IFNB1 induction (Fig. 4B).
The fact that RIG-I and MDA5 are major players in viral
recognition and subsequent IFNB1 induction, together with
our data showing that early RIG-I and MDA5 expression pre-
cedes IFN, suggests that early expression of RIG-I and MDA5
may have a causal role in inducing IFNB1 in response to viral
infection. In support of this hypothesis, we individually
overexpressed RIG-I, MDA5, LGP2, OASL, IFIT1, IFI6 and
ISG15 prior to viral infection by transfecting HepG2 cells with
plasmids and monitored IFNB1 expression following SeV
infection by qRT-PCR. Transfection of RIG-I orMDA5 encoding
plasmids increased SeV-induced IFNB1 production compared
to mock transfected cells, but not other early ISGs, consistent
with previous observations (Fig. 4C).19,22 By smFISH analysis,
we also showed that the percentage of IFNB1 expressing HeLa
cells significantly increased from about 20% to 60% at 6 hpi
if the cells were transfected with RIG-I prior to viral infection.
Additionally, we were able to detect IFNB1 in about 18%
of cells at 3 hpi (Fig. 4D and E). Likewise, transfection with
MDA5 increased the percentage of IFNB1 producing HeLa
cells upon subsequent infection (Fig. 4D and F). Together,
these experiments suggest that IFN-independent expression of
RIG-I and MDA5 may have a causal role in activating type I IFN
in response to viral infection.
Table 2 Number of transcripts detected by the Nanostring nCounter gene expression system in control, IFN-b treated (2 hours), and SeV infected
(2, 3, 6, and 9 hours) HepG2 cells. The number of transcripts is normalized to housekeeping gene GAPDH. Green rows denote viral genes, blue rows
cytokines, dark gray rows early ISGs
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Discussion
Although induction of ISGs through signaling triggered by type I
IFN binding to the receptor is a major innate immune response,
a more comprehensive picture is developing and showcases other
mechanisms through which antiviral gene expression takes
place.16,34 In this study, using smFISH, we could identify a small
fraction of cells showing up-regulation of RIG-I and several other
genes upon viral infection, IFN-independently, whereas if we had
relied on bulk measurements, such as qRT-PCR or a Nanostring
system, some of this information would have been lost due to the
ensemble averaging over the entire population.
We exploited the multicolor nature of smFISH technology to
study the well-known heterogeneity in the IFNB1 expression in
single cells.17–24 Our results together suggest that amplification
of RIG-I and MDA5 in a fraction of cells at the early stages of
infectionmay be a determinant of heterogeneous IFNB1 induction.
Our findings are in agreement with previous reports showing that
IFNB1 expressing cells have higher expression of RIG-I signaling
pathway components22 and heterogeneity in IFNB1 expression is
mainly of cellular origin.23,26 Cell-to cell variability in early ISGs’
expression may be a result of expression/phosphorylation levels of
IRF3 and IRF7 transcription factors and upstream regulators, as
well as differences in epigenetic changes and associated chromo-
somal organization.
Dendritic cells are shown to rapidly sense and respond to
pathogens by expressing antiviral genes, including IFNB1, by a
few early responding cells and the cellular variation is then
controlled by IFN mediated paracrine signaling from these
early responding cells.18,26 Patil et al. have shown that secreted
factors accounted foro10% of the total variation in single cell
IFNB1 responses, at the earliest time points IFNB1 was detect-
able (40% of cells were expressing IFNB1). The fraction of cells
expressing IFNB1 then further increased over time due to
paracrine signaling because treatment with drug Brefeldin A,
which blocks paracrine signaling, blocked the increase in the
fraction of cells expressing IFNB1.24 Because we mainly looked
at the earliest time point IFNB1 was detectable, the cell-to-cell
variation is likely due to cell-intrinsic factors, not paracrine
signaling.
The heterogeneity in IFNB1 response has previously been
shown to be relieved by increasing the concentration of various
components of the pathway, such as RIG-I, TRIM25, IRF3, IRF7
and NF-kB, to non-physiological levels.19,22 In contrast, here we
Fig. 4 Early ISGs, but not viral L gene or other ISGs, are highly correlated with IFNB1 expression. (A) Images of SeV L gene transcripts in control and SeV
infected (6 hours) HepG2 cells. The cell border is denoted by the dashed outline. (B) Scatter plots of number of L gene, RIG-I, IFIT1, LGP2, TRIM25, and
NLRX1 against IFNB1 transcripts in single HepG2 cells at 9 hours post SeV infection. N: number of cells analyzed, r: Pearson’s correlation coeﬃcient.
(C) qRT-PCR analysis of IFNB1 mRNA in SeV infected (9 hours) HepG2 cells with prior plasmid expression (12 hours) of mock, RIG-I, MDA5, LGP2, OASL,
IFIT1, ISG15 and IFI6. Results are normalized to GAPDH, and presented as fold change relative to control cells. Error bars show standard deviation of two
independent experiments. (D) Images of IFNB1 transcripts in HeLa cells 6 h post SeV infection with prior transfection of an empty vector, RIG-I or MDA5.
(E) Percentage of HeLa cells (mean  SD) expressing the IFNB1 gene at diﬀerent time points post SeV infection, with prior transfection of an empty vector
or RIG-I. (F) Percentage of HeLa cells (mean  SD) expressing the IFNB1 gene at 6 hours post SeV infection, with prior transfection of an empty vector,
RIG-I or MDA5.
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performed our smFISH experiments without disturbing the
native system by forced expression of any of the components.
We have found that RIG-I, but not TRIM25, IRF3 or IRF7, is
up-regulated in the native system prior to IFNB1 induction,
although over-expression of all of these components seemed to
hyperactivate the IFNB1 response in previous studies.
Further studies are required to understand the mechanism
with which the early expression of RIG-I and MDA5 facilitates
induction of IFNB1. The obvious explanation is that the more
RIG-I cells contain, the more responsive they are to viral infection.
RIG-I and MDA5 have been shown to oligomerize upon viral
infection, and the oligomeric forms of these proteins are highly
active in inducing IFNB1.35–37 Amplification of RIG-I and MDA5 at
the early stages of viral infection may promote oligomerization of
these proteins, and subsequent aggregation of MAVS, and down-
stream signaling to IFNB1 induction. RIG-I may also be promoting
IFNB1 expression by regulating NF-kB activity through binding to
NF-kB 3’-UTR mRNA.38
Finally, we still observe a fraction of IFNB1 non-expressing
cells showing high expression of early ISGs. Therefore, in addi-
tion to the expression of IRF3/7 dependent RIG-I and MDA5,
there must be additional steps required for IFNB1 induction, for
example promoter binding and interchromosomal associations,
providing further means of fine tuning the signaling process.19
Conclusion
Using a single-cell, single molecule technique, we could study the
very early stages of antiviral gene expression and demonstrated a
novelty in the expression kinetics of RLRs. Our results together
suggest that there may be a link between the early expression of
RIG-I and MDA5 and induction of the IFNB1 gene.
Materials and methods
Cell culture, virus infection, IFN treatment, IFN neutralization
and ELISA
HeLa and Vero cells were grown in DMEM supplemented with
10% FBS and 1% PENSTREP at 37 1C. HepG2 cells were grown
in DMEM supplemented with 10% FBS, 1% PENSTREP and
1 mg ml1 G418 at 37 1C. Sendai Virus Cantell (SeV) was grown
in 10 day old embryonated chicken eggs (Charles River Labora-
tories). Eggs were inoculated with 100 ml of undiluted virus
in order to generate DI-rich virus stocks. Cells were seeded at
least 24 hours prior to infection. On the day of infection, the
medium is replaced by fresh medium containing SeV at MOI 5.
IFN-b treatments were carried out by adding 1000 units per ml
of human IFN-b (PBL InterferonSource, 11410-2). Type I IFN
activity was blocked by addition of 10 mg ml1 anti-IFN-a
(Abcam, ab20200), 10 mg ml1 anti-IFN-b (R&D systems, AF814),
10 mg ml1 anti-IFN-l (R&D Systems, MAB15981), and 5 mg ml1
anti-IFNAR chain 2 (PBL InterferonSource, 21385-1) into the
culture medium during infection. Verikine human IFN beta ELISA
kit (PBL InterferonSource, 41410-1B) was used to measure IFN-b
from the culture medium.
Plasmids, transfections and RNAi interference
Expression plasmids for RIG-I (pEF-flagRIG-Ifull) and MDA5
(pEF-flagMDA5full) were provided by Takashi Fujita.
A custom gateway destination vector, pT-Rext-DEST30/FLAG,
was created by using QuikChange mutagenesis to create a silent
mutation NotI restriction site in the attR1 site in pT-Rext-
DEST30 (Invitrogen) by introducing C825A and G826Amutations
using manufacturer-suggested primers (Stratagene QuikChange
Lightning Kit). A dsDNA insert of the sequence ‘‘gttgatgggcgg
ccgctcgaaaacctgtattttcagggcactagtggcgacagcctgagctggctgctgagact
gctgaacctgtgcacccccagccgggccgccctgctgaccggccggcctgcaggggacta
caaagaccatgacggtgattataaagatcatgacatcgattacaaggatgacgatgacaa
gtagtaatgagggcccggagatg’’ was synthesized as a gBlok (IDT-DNA)
and inserted via ligation into the NotI and AgeI sites of pT-Rext-
DEST30, producing a mammalian expression vector designed to
append an amino acid sequence to the C-terminus of a hORF gene:
LPTFLYKVVDGRPLENLYFQGTSGDSLSWLLRLLNLCTPSRAA
LLTGRPAGDYKDHDGDYKDHDIDYKDDDDK-[STOP]
This sequence encodes a TEV protease recognition sequence,
an SFP synthase tag, 13-aa aldehyde tag, and a 3-FLAG-tag.
To obtain expression vectors pT-Rext-DEST30/RIG-I/FLAG,
pT-Rext-DEST30/MDA5/FLAG, pT-Rext-DEST30/LGP2/FLAG, pT-
Rext-DEST30/OasL/FLAG, pT-Rext-DEST30/IFIT1/FLAG, pT-Rext-
DEST30/ISG15FLAG and pT-Rext-DEST30/IFI6/FLAG, hORF plas-
mids from the CCSB Human ORFeome Collection (ThermoFisher)
encoding MDA5, LGP2, OasL, IFIT1, ISG15 and IFI6 were cloned
via gateway directional LR cloning using LR Clonase II plus
(Invitrogen) in 16 hours overnight reactions according to the
manufacturer’s directions. LR reaction mixtures were trans-
formed into chemically competent BL21-DH5-alpha cells and
selected overnight on 100 mg ml1 carbenicillin plates.
HeLa cells were transiently transfected with RIG-I (pEF-
flagRIG-Ifull) and MDA5 (pEF-flagMDA5full) using JetPrimet
transfection reagent (Polyplus transfection, France).
HepG2 cell were transiently reverse transfected with pT-
Rext-DEST30/RIG-I/FLAG, pT-Rext-DEST30/MDA5/FLAG, pT-
Rext-DEST30/LGP2/FLAG, pT-Rext-DEST30/OasL/FLAG, pT-Rext-
DEST30/IFIT1/FLAG, pT-Rext-DEST30/ISG15FLAG and pT-Rext-
DEST30/IFI6/FLAG using JetPrimet transfection reagent (Polyplus
transfection, France).
Plasmid transfected cells were grown for 9 to 12 hours before
viral infection.
siRNAs targeting IRF3 (sc-35710) and IRF7 (sc-38011) were
obtained from Santa Cruz Biotechnology. 30 pmol of each siRNA
was transfected at a final concentration of B45 nM, using
Lipofectamine RNAiMAX (Invitrogen) transfection reagent. Cells
transfected with siRNA were grown for 30 hours before viral
infection.
RNA extractions, qRT-PCR and nCounter
Total RNA was extracted using the QIAShredder and RNeasy
mini kit (Qiagen) according to the manufacturer’s instructions.
RNA quality was determined using an Agilent 2100 bioanalyzer,
and only RNA with RIN above 9 was used for reverse transcrip-
tion reactions. Total RNA (900 mg) was reverse transcribed using
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the iScriptt cDNA Synthesis Kit (BIO-RAD). qRT-PCR analysis
was carried out using SYBR-Green (Applied Biosystems).
The primer sequences used for qRT-PCR were as follows:
RIG-I forward: GGTTTAGGGAGGAAGAGGTGC, reverse: AAGT
GTGGCAGCCTCCATTG; MXA forward: ATGCTACTGTGGCCCA
GAAA, reverse: GGCGCACCTTCTCCTCATA;
TNFA forward: GAGTGACAAGCCTGTAGCC, reverse: GCTGG
TTATCTCTCAGCTCCA; IFNB1 forward: GACGCCGCATTGAC
CATCTA, reverse: GTGACTGTACTCCTTGGCCT; GAPDH forward:
GACAGTCAGCCGCATCTTCT, reverse: AAATGAGCCCCAGCCTTCTC.
100 ng total RNA was hybridized to a custom gene expression
CodeSet according to the NanoString Gene Expression Assay
Manual and analyzed on an nCounter digital analyzer (Nano-
String Technologies). All data analysis was performed using the
nSolver software analysis (freely available for download from
NanoString Technologies). Briefly, counts are normalized for all
target RNAs in all samples based on the positive control RNA to
account for diﬀerences in hybridization eﬃciency and post-
hybridization processing. Subsequently an mRNA content
normalization is done using the housekeeping gene GAPDH.
Immunofluorescence
Cells were fixed with 4% paraformaldehyde for 10 minutes and
then permeabilized with 0.5% Triton-X 100 for 10 minutes. Cells
were incubated with 3%BSA for 1 hour, and primary and secondary
antibodies, each for 2 hours, at the recommended dilutions.
Antibodies for IRF3 and NF-kB were obtained from Cell Signaling
(11904P) and Abcam (ab119826) respectively. The whole procedure
was performed at room temperature. Immunofluorescence images
were obtained using a Zeiss LSM 710 confocal scanningmicroscope
equipped with a 40 oil-immersion objective (NA 1.3).
Single molecule FISH
DNA oligos for FISH experiments are designed using the software
available online (http://www.singlemoleculefish.com/). FISH probes
are ordered from Biosearch Technologies.
For smFISH, cells were washed with PBS buﬀer, and fixed
with 4% formaldehyde for 10 minutes at room temperature.
After fixation, the cells were washed three times with PBS, before
being permeabilized in 70% ethanol overnight. Cells were
rehydrated in a solution of 10% formamide and 2 SSC for
5 minutes before hybridization. Hybridization reactions were
carried out in 100 ml of hybridization buﬀer containing 10%
dextran sulfate, 2 mM vanadyl-ribonucleoside complex, 0.02%
RNAse-free BSA, 50 mg E. coli tRNA, 2 SSC, 10% formamide, and
probe cocktail (5–50 ng) at 37 1C overnight. A coverslip was
placed over the hybridization buffer to spread the small volume
over the entire surface of the chamber, and also to prevent
evaporation during the overnight incubation. After hybridiza-
tion, the cells were washed twice for 30 minutes each at 37 1C
using a wash buffer containing 10% formamide and 2 SSC.
During imaging, we used an oxygen scavenging mounting med-
ium containing 10 mM Tris–HCl pH 8.0, 2 SSC, 1% glucose,
glucose oxidase (or pyranose oxidase) and catalase.
We acquired smFISH images using a Zeiss Axiovert 200M
inverted fluorescence microscope, equipped with a 100
oil-immersion objective (NA 1.45) and a Cascade 512b high
sensitivity camera. Filter cubes to discriminate between Cy3, Alexa
594, and Cy5 were obtained from Semrock (SpOr-B-000-ZERO,
SpRed-B-000-ZERO, and Cy5-4040C-000-ZERO respectively).
30 z-stacks were taken automatically with 0.3 microns between
the z-slices, with an exposure time of 0.5 s.
Low magnification smFISH images (ESI,† Fig. S2) were
obtained using a Zeiss LSM 710 confocal scanning microscope
equipped with a 40 oil-immersion objective (NA 1.3).
To identify and count the spots corresponding to individual
mRNA molecules, we used the MATLAB program described
previously.27 Briefly the program applies a Laplacian of Gaussian
filter to the input TIFF images to enhance the spots. To identify
spots, it applies an intensity threshold. The program counts
number of spots detected for all possible threshold values in
order to identify the appropriate threshold. When the number of
spots identified is plotted as a function of the threshold value, a
plateau region is observed, where the spot count does not vary
significantly over a broad range of thresholds. The threshold is
manually selected in the plateau region, based on the graph and
visual feedback.
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